Insulin-like growth factor 2 (Igf 2) and H19 genes are oppositely imprinted and as such have been most extensively studied imprinted genes both genetically and at the molecular level. Imprints of the H19 gene, being established during spermatogenesis, are epigenetically transmitted to the somatic cells of the embryo. Current hypotheses attempting to explain the allele-speci®c silence of the H19 gene include DNA methylation and chromatin condensation. In order to understand the molecular basis of H19 epigenesis, it is crucial to identify the markings in the chromatin organising the imprinted domain in spermatozoa. Using Micrococcal nuclease (MNase), DNase I and Methidiumpropyl-EDTA. iron II (MPE´Fe(II)) as chromatin probes, we demonstrate that in mouse epididymal spermatozoa, at least 4 kb DNA upstream of the H19`cap' site, containing the imprinted and differentially methylated domain (DMD), is heterochromatic. The cleavage sites in this domain (22 to 24 kb) exhibit~425 bp periodicity. This structure is maintained in the paternal allele of normal embryos and is disrupted at 22.2, 22.65 and at 23.5 kb in embryos maternally disomic for the distal end of chromosome 7 (MatDp 7). The hypersensitive sites in chromatin precisely register the MPE´Fe(II) cleavage sites in chromosomal DNA. Therefore, the DNA sequences in the imprinted domain constrain the chromatin structure in a way similar to that of 1.688 g/cm 3 Drosophila satellite chromatin. In addition, we ®nd that condensation of the paternal allele correlates with methylation-dependent alteration in the structure of DNA sequences in DMD. These results suggest that CpG-methylation induces localised changes in DNA conformation and these facilitate consequent remodelling of chromatin thereby allowing the paternal and maternal H19 alleles to be distinguished. q
Introduction
The haploid parental genomes in mammals are not functionally equivalent (McGrath and Solter, 1984; Surani et al., 1984) . In the mouse, trancriptional silence of at least 28 genes in somatic cells is dependent upon whether a gene is contributed by the father or the mother (Beechey and Cattanach, 1998) . This parent-of-origin effect over the expression of a gene is reversible because the epigenetic modi®cation is established and erased during gametogenesis (Tucker et al., 1996; Surani, 1998) . Analyses of the expression of imprinted alleles during the differentiation of primordial germ cells have shown that establishment of epigenetic markings during gametogenesis is a late event (Szabo and Mann, 1995) . Extensive genetic and molecular studies in a variety of systems point toward regional DNA methylation and a unique localised packaging of the chromatin as major determinants in allele-speci®c silencing of the imprinted genes (Tilghman, 1999) . Therefore, identi®-cation of gametic chromatin imprints is the ®rst step toward understanding epigenesis. Once identi®ed, one can examine whether such structure is inherited by the embryo in an allele-speci®c manner.
The H19 gene is relatively unique because trancriptional silence of the paternal allele has been strongly correlated with DNA methylation and heterochromatization ( Ferguson-Smith et al., 1993; Li et al., 1993; Tremblay et al., 1995) . An advantage of the mouse system is that deletion of the DNA sequences relevant to imprinting could be targeted in embryonic stem (ES) cells for germ-line transmission of the mutation through chimeric animals. Such studies thus far have identi®ed two components, located far upstream and downstream of the H19 gene, which are required but not suf®cient for physiological imprinting of the mouse H19 gene. The far upstream imprinted domain (22.1 to 23.7 kb) and distal endodermal enhancers (17 to 110 kb) also co-ordinately regulate the expression of both Igf 2 and H19 genes (Thorvaldsen et al., 1998) . In addition to the mutants produced via ES cell chimera, genetically modi®ed animals, with uniparental deletion and duplication of Igf2/H19 genes located at the distal end of chromosome 7 (PatDp 7 and MatDp 7), have often been used in search of Igf 2 and H19 imprints (Sasaki et al., 1992; Ferguson-Smith et al., 1993) .
Unlike IGF 2, at least 10 kb of DNA including the H19 gene is organised in unusual 450 bp structural repeats in human spermatozoa . These results prompted us to examine the chromatin organization of H19 gene in mouse spermatozoa. We demonstrate here that chromatin in the DMD containing the imprinted DNA sequences in spermatozoa is condensed and exhibits a ,425 bp periodic structure. This structure is inherited paternally and is disrupted in the maternal chromatin. The chromatin organisation in this region is constrained by the DNA sequence itself. Methylationinduced localised perturbation in DNA conformation of the imprinted domain correlates with chromatin condensation of the paternal allele.
Results
2.1. The heterochromatic imprinted domain of the H19 gene in mouse spermatoza exhibits a ,425 bp periodicity About 85±97% of the haploid genome in mammalian spermatozoa is packaged by sperm-speci®c protamines whilst the rest retain a quasi somatic-type chromatin structure (Balhorn, 1982; . The displacement of nucleosomes by protamines in the human b -globin gene family is discontinuous and gene-speci®c (GardinerGarden et al., 1998) . We ®rst examined the chromatin structure of the H19 region in mouse spermatozoa by DNase I and MNase digestion. While more than 80% of the 10 kb region including the H19 gene and the enhancers were digested by DNase I, only ,5±10% of the chromatin in a 3.8 kb region (249 bp to 23.8 kb) was accessible to the nuclease. A similar result was obtained when the nuclei were digested with MNase (Fig. 1b,c) . The open chromatin structure of the H19 gene and downstream sequences was further evidenced by its accessibility to sperm-speci®c endonucleases (compare lane 2 of Fig. 1b with that of c). The H19 gene retained somatic-type nucleosomes which appeared to have no linker DNA and therefore were closely packed (Fig. 1c, lanes 8±11 ).
Limited digestion of the upstream sequences revealed three DNase hypersensitive (DH) sites at 22.2, 22.65 and at 23.2 kb (Fig. 1b, arrowheads) . Two of these sites at 22.65 and 23.2 kb were also cleaved by MNase (Fig. 1b,  arrowheads) . However, DNase digestion of the H19 gene and distal region produced a series of bands which were 650±700 bp apart (Fig. 1c, arrowheads) . These DH sites correspond to those generated by endogenous nucleases and MNase (Fig. 1c, lane 2 and lanes 8±11, arrows) . These results suggested that at least a part of the H19 gene and its downstream region were organised by 650± 700 bp periodic supernuclosomal structure. This periodic DNase sensitivity of this region was also seen in the paternal allele of normal embryos (data not shown and see below).
In order to gain further insight into the chromatin structure of the condensed upstream region, the sperm nuclei were prepared using a modi®ed protocol (see Section 4) which somewhat improved nuclease digestion of this region. To circumvent the problem of increased resistance of the imprinted chromatin to nucleases as well as the known DNA sequence speci®city of MNase, the nuclei were digested with MPE´Fe(II) complexes. Owing to its small size (M r , 710), methidium tethered to EDTA via a short hydrocarbon, enters the sperm nuclei very ef®ciently and in the presence of ferrous ion and oxygen cleaves both strands of DNA with least DNA sequence speci®city (Cartwright et al., 1983) . The sperm nuclei digested with increasing concentrations of MPE´Fe(II) produced strong cleavages at an interval of ,425 bp (Fig. 1d) . Partial MNase digestion showed that the H19 promoter region (249 bp to 21.3 kb) was packaged by closely spaced nucleosomes. Moreover, a 425 bp periodic cleavage of the chromatin in the imprinted domain was also evident in DNase I and in an extended MNase digests (data not shown). The strong band at 21.5 kb represents the centre of 400 bp GGGGTATA repeats (G-repeats, Fig. 1a ; Tremblay et al., 1995) .
2.2. The chromatin organisation of the imprinted domain in spermatozoa is maintained in the paternal allele and is disrupted in MatDp 7 embryos
We next asked whether the chromatin structure in the imprinted domain of sperm nuclei was re-established in mouse embryo. This was examined by comparing the DNase sensitivity of the two alleles in normal and MatDp 7 embryos. Both H19 alleles in MatDp 7 embryos are inherited from the mother. These embryos have retarded growth (approximately 50% the body weight and DNA content of the normal siblings), and die during gestation or immediately after birth (Cattanach and Beechey, 1997) . The most critical parameter that distinguishes the two alleles is the differential methylation of the imprinted domain (Tremblay et al., 1995; Thorvaldsen et al., 1998) . Unlike the paternal allele in the normal embryo and sperm, the DMD in MatDp 7 embryos was hypomethylated as judged by Hha I digestion (Fig. 2a , and data not shown). Additionally, the MatDp 7 embryos produced at least 1.8-fold more H19 RNA than their normal sibs (data not shown, Sasaki et al., 1992; Ferguson-Smith et al., 1993) .
Several criteria were used to assign allele-speci®c nuclease hypersensitivity. A site equally sensitive to DNase in both kinds of embryos is constitutive and shared by both alleles; a site two-fold more sensitive in MatDp 7 compared to that of normal embryos is maternally hypersensitive and a site only present in normal embryo has a paternal origin. Based on these criteria, the DMD in both alleles exhibited 425 bp periodic cleavages (Fig. 2b ,c, thin and thick arrows). However, the sites at 22.2, 22.65 and 23.5 kb were hypersensitive in the maternal allele (Fig. 2b,c,d , thick arrows). The bands between 22.0 to 23.8 kb region in the normal embryo (Fig. 2b) , although reduced in intensity, did not disappear on Hha I digestion (data not shown, also see Khosla et al., 1999) further suggesting that they were shared by both alleles. These results showed that the chromatin structure of the imprinted domain in spermatozoa was reestablished in the paternal allele and was disrupted at 22.2, 22.65 and 23.5 kb of the maternal H19 gene. The 425 bp periodicity, like spermatozoa, was interrupted by weak bands positioned almost centrally between the strong cleavage sites in the embryo (compare Fig. 1d with Fig. 2b,c) . A single paternal-speci®c DH site was located at 25.6 kb (Fig.  2d) . Moreover, unlike sperm, the chromatin condensation of the paternal allele was pronounced upstream of 21.8 kb site in the normal embryos (compare digestion of 2.5 kb genomic bands in normal and MatDp 7 embryos in Fig. 2e with that of the genomic bands in Fig. 2b,c,d ).
2.3. The nuceosomes in the 22.2 to 23 kb region of the maternal H19 gene are unstable
To examine how the nucleosomes were phased with respect to the DH sites in the imprinted domain, the same nuclei, used for DNase mapping, were partially digested with MNase. The DMD and the H19 gene in both alleles were packaged by regularly spaced nucleosomes (Fig. 3a,b) . However, the linker DNA sequences of nucleosomes 211 and 213, positioned at 22.2 and 22.65 kb, were hypersensitive to MNase in the maternal allele (Fig. 3a, stars) . A better resolution of this region (Fig. 3c, stars) showed a series of bands (indicated by lines) possibly generated by DNA sequence-speci®c cleavage (see below) and by both endo-and exonucleolytic (processive) digestion of the nucleosomal DNA. The nucleosomal organisations of the two alleles upstream of the imprinted domain were indistinguishable (Fig. 3d) . Therefore, the parental H19 alleles could be distinguished by hypersensitivity of two nucleosomes which either co-mapped or were very close to the DH sites in MatDp 7 embryos.
DNA sequence-speci®c cleavage and methylation dependent alteration in the structure of the imprinted domain
The imprinted domain in the paternal chromosomal DNA, extracted from nuclei without prior incubation with exogenous nucleases, showed a series of bands which were less prominent in DNA extracted from MatDp 7 embryos (Fig. 4a) . These unexpected results could not be explained as an effect of nuclear endonucleases on chromatin, because the maternal imprinted domain remained hypersensitive to exogenous nucleases (Figs. 2 and 3) . Perhaps, these cuts were introduced by topoisomerase II, which, being covalently linked to DNA, failed to rejoin the ends in the presence of SDS and proteinase K (Tse et al., 1980) . Although a precise distance between the bands (Fig. 4a , Normal and Sperm) has not been estimated, the ladder appears to be similar to that of satellite repeats of Mus musculus (Sanford et al., 1984) . Preferential digestion of paternal chromosomal DNA could occur as a result of recognition of the altered DNA structures introduced by CpG methylation (Runkel and Nordheim, 1986; Davey et al., 1997) . This, however, does not explain why hypomethylated maternal chromatin also exhibits 425 bp periodicity in the differentially methylated domain (Fig. 2) .
A structural resemblance of the imprinted domain to the Drosophila satellite chromatin (Cartwright et al., 1983) led us suspect that protein±DNA interactions in both H19 alleles might be in¯uenced by speci®c DNA sequences. This was tested by digesting the chromosomal DNA with MPE´Fe(II). This reagent, in addition to chromatin studies, has often been used for high resolution mapping of DNA secondary structure within regulatory sequences (RichardFoy and Hager, 1987) . Digestion of the deproteinized chromosomal DNA with MPE´Fe(II), in the absence of sequence-speci®c cleavage, would be expected to produce a smear especially when cleaved DNA is resolved in agarose gels and hybridised to speci®c genomic sequences. Contrary to this, several speci®c MPE´Fe(II) cleavages were evident within the imprinted H19 domain of mouse sperm and embryonic chromosomal DNA (Fig. 4b,c) . Most importantly, two cleavage sites at 22.2 and 22.65 kb in sperm and normal embryonic DNA precisely correspond to the DH sites in the Mat Dp 7 nuclear chromatin (Fig.  4b, arrows) . When compared, the DH sites in MatDp 7 nuclei were also subject to sequence-speci®c cleavage in the chromosomal DNA extracted from these embryos (Fig. 4c) . Moreover, a ,425 bp periodic cleavage was evident in MPE´Fe(II)-digested chromosomal DNA. Therefore, the DNA sequences, like Drosophila satellite chromatin, might constrain the chromatin structure in the imprinted domain of both H19 alleles.
The paternal (sperm) and maternal (MatDp 7) chromosomal DNA in the imprinted H19 domain differ by the extent of methylation. A careful scrutiny of the results shown in Fig. 4b , indicated that the DNA sequence-speci®c cleavage at the 22.2 kb site in the methylated paternal allele (sperm) was less de®ned compared to those in normal and MatDp 7 DNA (Fig. 4b , compare bottom arrows in lanes 2±3 with those in lanes 4±5 and Fig. 4c ). These results were further veri®ed using other probes (data not shown). Therefore, the cleavage site at 22.2 kb in sperm DNA was less accessible compared with the site at 22.65 kb. This was striking because this site (at 22.2 kb) was the strongest DH site in MatDp 7 embryos (Fig. 2b,c) . In order to further investigate whether the two H19 alleleles differ in DNA secondary structure within the imprinted domain, the H19 upstream region (249 bp to 23.8 kb) cloned into a plasmid, methylated in vitro with SssI CpG methylase (Fig. 4d) was reacted with MPE´Fe(II). Both methylated and unmethylated imprinted domains were cleaved at ,425 bp intervals. However, the methylated plasmid was hypersensitive and produced additional bands suggesting recognition of secondary DNA structures by MPE´Fe(II) in the imprinted domain (Fig. 4e) . The cleavage at 22.2 kb, like sperm DNA, was barely detectable in the methylated plasmid and a site at 22.0 kb was hypersensitive to MPE´Fe(II). These results suggested that cloned imprinted domain, on in vitro CpG methylation, mimics the DNA structure of the paternal chromosomal DNA. A high resolution analysis of this region is currently in progress.
Discussion
In this report, we demonstrate that the chromatin structure of the imprinted H19 domain in mouse spermatozoa is inherited paternally and is disrupted in the maternal allele. Methylation of the paternal imprinted domain has two-fold consequences: localised changes in DNA structure (bends and kinks), which in turn, favours stable chromosomal proteins±DNA interactions. In the absence of methylation, the chromatin structure in the maternal domain is unstable. The H19 imprints can be erased by demethylation but are not restored by ectopic expression of DNA methyltransferase (Tucker et al., 1996) . The condensed chromatin in the paternal allele therefore could be disrupted in both germ lines, but is only re-set during spermatogenesis.
The instability of the nuclosomes at 22.2 and 22.65 kb sites in the maternal allele is most likely due to DNA sequence-dependent positioning of the nucleosomes at otherwise unfavourable sites. The positioning of nucleosomes relies upon preferential rotation of the short runs of GC or AT about the nucleosome (Drew and Travers, 1985) , phasing of repeated sequences (GGGGGG or TGGTGG) in relation to the DNA helical repeat (10.3 bp/turn; Jayasena and Behe, 1989 ) and the particular location of methylated CpGs with respect to the dyad axis of a nucleosome (Davey et al., 1997) . The critical CpGs are possibly the perfect CpG triplet (CGCGCG) at 22630 bp and a degenerate site at (GCCGCG) at 22177 bp (Fig. 4f) . Increased sensitivity of methylated CpGs to MPE´Fe(II) (Fig. 4) and DNase I (Kochanek et al., 1993) indicates widening of the minor groove of DNA (Drew and Travers, 1984) which prevents core±histone DNA interactions in vitro (Davey et al., 1997) . The CpG triplet at 22630 bp coexists with DNase hypersensitive sites (Hark and Tilghman, 1998 ) and has been shown to be a genuine methylation imprint inherited from sperm to the embryo (Tremblay et al., 1995) . The neighbouring degenerate CpG triplet at 22177 bp, either co-maps or is very close to the strongest DH site in MatDp 7 embryo (22200 bp). This site, functionally same as CpG triplet (J. Allan, pers. commun.), in conjunction with its neighbour at 22630 bp, presumably nucleate the chromatin condensation by stabilizing the histone±DNA interactions (Runkel and Nordheim, 1986) . Exclusion of nucleosomes from the methylated CpG triplet would allow two or three nucleosomes between these sites in the somatic cells or spermatozoa, respectively (Fig. 4f) . Interestingly, a single (CpG)3 in 27 kb mouse Igf2 domain is found in the DMR 1 region at 24090 bp relative to thè cap' site of promoter P2.
While this work was in progress, two reports appeared (Hark and Tilghman, 1998; Khosla et al., 1999) claiming the disrupted chromatin structure in the imprinted H19 domain of the maternal allele as epigenetic mark or an alternate epigenetic state. Such conclusion is inconsistent with the de®nition of imprinting which demands that the H19 gene, being paternally imprinted, must inherit its imprints from sperm to the paternal allele of the embryo. Moreover, the DH sites which were claimed to be the epigenetic mark, though less accessible, are also present in the sperm and in the paternal allele of normal embryos (Figs. 1 and 2) . Our results also failed to justify the interpretation that maternal H19 allele has non-nucleosomal unusual chromatin organisation (Khosla et al., 1999) . The DNA sequencespeci®c cleavages and instability of the nucleosomes in the absence of DNA methylation produced a series of bands which confounded the chromatin analysis of the maternal allele in 600±800 bp DNA (22.2 to 23.0 kb, Fig. 3 ). The most unusual aspect of H19 imprinting shown in this study is the DNA sequence-dependent constraining of the chromatin structure in the imprinted domain of both alleles.
The striking correspondence of nuclease hypersensitive sites in the chromatin to the MPE´Fe(II) cleavage sites in the chromosomal DNA suggests that the chromatin organisation in the imprinted domain is constrained by DNA sequence. A similar phenomenon was ®rst observed in 1.688 g/cm 3 complex satellite chromatin of Drosophila melanogaster (Cartwright et al., 1983) . Additionally, the sequence-speci®c cleavage of the imprinted domain (Fig.  4a) resembles Topoisomerase II-induced breaks at GCspikes of the AT-rich Dosophila satellite III DNA in vivo (Kas and Laemmli, 1992) . Such similarities in DNA structure and chromatin organisation might explain the paradoxical observation (Lyko et al., 1997 ) that 1.2 kb DNA (21.8 to 23.0 kb) of mouse H19 gene operates as a bi-directional transcriptional silencer in Drosophila, an organism which lacks modi®ed bases. Implicit to this notion is that satellitelike packaging of chromatin in the imprinted domain inherited from the sperm would not require a specialised mechanism in maintaining the imprints in the somatic cells of the embryo. The most compelling support in favour of this is the relaxation of H19 imprinting upon genome-wide demethylation in methyltransferase-de®cient mice (Li et al., 1993; Walsh and Bestor, 1999) . Igf2 and H19 genes are co-ordinately regulated by the imprinted domain (22.1 to 23.7 kb) and downstream enhancers (Thorvaldsen et al., 1998) . There must be another regulatory component because these two elements only partially restore the H19 imprinting. The key feature of our chromatin model on IGF2/H19 imprinting was complete shielding of the paternal H19 domain, essential for directing the tracking RNA polymerase towards neighbouring IGF2 domain . Current data suggest that paternal DH sites at 25.6 kb (Fig. 2d) which is¯anked by AT-clusters, characteristic of scaffold/matrix attachment sites (Kas et al., 1989) , might be such an additional regulator in cis. This site by virtue of its association with the matrix can contact the downstream enhancers and direct the RNA polymerase towards the H19 or Igf2 loop. The RNA polymerase does track on this region because replacement of the imprinted domain by PGK-neo loxP cassette has a less pronounced effect, than in the absence of PGK promoter, on co-ordinate regulation of Igf2/H19 genes (Thorvaldsen et al., 1998) . Decondensation of chromatin in the imprinted domain makes the maternal H19 allele potentially active like any other gene with one exception. In addition to remodelling of the chromatin by factors interacting with basal promoter elements, the accessibility of the promoter through the imprinted domain is crucial for H19 activation.
Experimental procedures

Isolation of mouse epididymal spermatozoa and preparation of nuclei
Puri®cation of mature spermatozoa from adult mouse epididymes was carried out as described (Alcivar et al., 1989) with some modi®cations. Brie¯y, the whole epididymes and vas deferens were recovered from 42±48 sexually mature (50±70 day old) C57BL/6 mice in a petri dish containing phosphate buffered saline with Ca 21 and Mg 21 to 1 mM. The epididymes were opened by sharp incisions with a razor blade and the mature spermatozoa were allowed to swim out by gently agitating the dish for 10±15 min at room temperature. The spermatozoa released in the buffer were ®ltered through 8 layers of gauze to remove the tissue debris. The ®ltrate was spun at 1200 rpm for 15 min at 48C. The pellet was washed 2±3 times in sperm wash buffer (SWB: 20 mM HEPES±NaOH, pH 7.0, 100 mM potassium glutamate (Sigma), 250 mM sucrose, 0.5 mM spermidine free base and 0.2 mM spermine tetrahydrochloride) and was resupended in the same buffer. Mature spermatozoa were separated from less differentiated spermatocytes by sedimenting through 60% percoll gradients as described . The sperm nuclei were prepared by permeabilizing the cells with 1-a -phosphotidyl choline (lysolecithin, Sigma), counted and stored in SWB containing 1 £ protease inhibitor cocktail (Boheringer & Manheim) and 50% glycerol at 2708C. In the modi®ed protocol, Ca
21
and Mg 21 were omitted from PBS and potassium glutamate was replaced by 100 mM KCl in SWB.
Isolation of nuclei from mouse embryos
The MatDp 7 embryos were generated by intercrossing heterozygotes for the reciprocal translocation T(7:15)9H with underwhite (uw) as a genetic marker (for details see Cattanach and Beechey, 1997) . The nuclei from whole embryos were prepared as described (Wu, 1989) with the following modi®cations. The nuclear homogenate was ®ltered twice through 8 layers of gauze pad before ®nal sedimentation through a 1.7 M sucrose cushion. The Mg 21 concentration in the nuclear buffer was reduced to 2.5 mM. The nuclei were held on ice and were digested immediately without further storage.
MNase and DNase I digestion of sperm and embryonic nuclei
Lysolecithin permeabilised sperm nuclei (2:5±6:5 £ 10 7 ), resuspended in 1 ml digestion buffer (20 mM HEPESNaOH, pH 7.9, 100 mM KCl and 1 mM DTT) were digested with MNase (125±250 units, Boheringer & Manheim) in the presence of 3 mM CaCl 2 or with DNase (125 units, Boheringer & Manheim) in the presence of 5 mM MgCl 2 at 308C. The nuclease activity of the samples aliquoted at increasing time points was stopped by 12.5 mM and 25 mM each of EDTA and EGTA in the case of MNase and DNase I, respectively. The embryonic nuclei resuspended in nuclear buffer without Mg 21 were adjusted to 12.5 OD 260 /ml. MNase digestion was with 45 units/ml at 308C up to 10 min and DNase I digestion was with 20±100 units/ml at 238C for 1 min. The nuclease treated chromatin was deproteinized by incubating in the presence of SDS (0.5%), 62.5 mM Sarkosyl (N-lauryl sarcosine, Sigma) and 200 mg/ml of proteinase K (Boheringer & Manheim) for 12±16 h at 378C. DNA was precipitated with ethanol in the presence of 10 mg glycogen (Boheringer & Manheim) following extraction with equal volumes of phenol, phenol:-chloroform-isoamyl alcohol (10:1) and chloroform-isoamyl alcohol (24:1) alone. The precipitated DNA was reextracted with phenol-chloroform, washed with 80% ethanol, dried in vacuum and was resupended in water prior to restriction digestion.
Digestion of sperm nuclei and chromosomal DNA with MPE´Fe(II)
Methidium propyl-EDTA (initially obtained from Dr Peter Darvan, California Institute of Technology and subsequently from Sigma), ferrous ammonium sulphate (Sigma) and Dithiothreotol (DTT, BDH) were all prepared and diluted freshly in water during each experiment. MPE± Fe(II) complex was formed by mixing equal volumes of equimolar amount of MPE±EDTA and ferrous ammonium sulphate on ice for 5 min. To this, 5 volumes of cleavage buffer (20 mM HEPES-NaOH, pH 7.9, 100 mM KCl) was added. The cleavage was started by mixing MPE±Fe(II) with sperm nuclei or chromosomal DNA in 5 volumes of cleavage buffer, freshly diluted DTT and H 2 O 2 adjusted to ®nal concentrations of 1 mM and 0.5 mM, respectively. The H 2 O 2 was omitted in digestions containing chromosomal DNA. The reactions were carried out in the presence of 2.5±60 mM MPE´Fe(II) at 22±238C for 2 to 10 min and were stopped by chealating iron with bathophenanthroline disulphonate (Sigma) at 50 mM. Aliquots of sperm nuclei and chromosomal DNA without MPE±Fe(II) were incubated in the cleavage buffer for the duration of the experiment at 22±238C, adjusted to 50 mM bathophenanthroline disulphonate following incubation and were used as zero time controls. The MPE´Fe(II)-cleaved nuclei were deproteinized by SDS-proteinase K digestions and repeated phenol-chloroform extractions as described above. The MPE±Fe(II)-digested chromosomal DNA was extracted with phenol and chloroform once prior to ethanol precipitation.
The chromosomal DNA from sperm nuclei and embryos were extracted following RNase A (200 mg/ml) digestion in the presence of sarkosyl (62.5 mM) at 378C for 30 min, SDS (0.5%) and proteinase K (200 mg/ml) treatment for 24 h prior to phenol-chloroform extraction. Extreme cautions were taken to avoid shearing of the DNA during extraction by minimum pietting. The DNA resuspended in 10 mM Tris±HCl, pH 7.5 was re-extracted with phenol and chloroform-isoamyl alcohol (24:1). The OD 260/280 was 1.8 to 2.1. The chromosomal DNA was cleaved with 2.5 and 5 mM of MPE´Fe(II) at a ®nal DNA concentration of 280 mg/ml.
Mapping of hypersensitive sites by indirect endlabelling of digested DNA
The precipitated DNA was re-extracted with phenol and chloroform prior to restriction nuclease digestion. Nuclease digested DNA was resolved in 1.0±1.5% agarose gels (20 cm), stained with ethidium bromide, photographed and was alkali transferred to Nytran-Plus (Schleicher & Schuell) membranes. Mapping of the nuclease sensitive sites was done by indirect end labelling of the genomic fragments with various probes (kindly provided by Dr Azim Surani). The cosmid(cAH) containing ,45 kb of mouse H19 domain was cut with Eco RI to gel purify 10, 7.6 and 3.8 kb fragments. These fragments were subcloned into Bluescript II KS (Stratagene) or PUC 18 (New England Biolabs) vectors. The plasmid pCB7 containing H19 promoter (2.5 kb Bam HI fragment) was a gift from Justin Ainscough. DNA probes for hybridisation were generated by restriction nuclease digestion of clones, electroelution of DNA from the agarose gel slice and subsequent concentration by elutip-D (Schleicher & Schuell). Each probe was veri®ed by hybridisation with appropriate restriction enzyme cleaved genomic DNA. The probes radiolabelled using a multiprime kit (Amersham) and 32 P dCTP (3000 Ci/mM, Amersham) were used for hybridisation in Church hybridisation buffer (Church and Gilbert, 1984) . The ®lters washed at 658C for 30± 45 min were exposed to Kodak XAR-5 X-ray ®lms with intensifying screens at 2708C.
Analysis of the DNA secondary structures in differentially methylated domain of mouse H19 gene
The 3.8 kb Eco R I (249 to 23823 bp) fragment containing the H19 promoter and differentially methylated domain was cloned into Eco RI site of pGEM-3Zf vector (Promega). The polylinker sequences including Sac I site in the vector were deleted. Unmethylated plasmid was ampli®ed in a dam dcm strain of Escherichia coli (DM I, Life Technologies). The absence of methylation was con®rmed by Msp I, Hpa II and Hha I digestion. The supercoiled DNA Form I was prepared by alkali denaturation and subsequent selective binding of denatured DNA to nitrocellulose membrane (Banerjee and Spector, 1992) . Brie¯y, 100 mg of DNA in 10 mM Tris±HCl, pH 7.5 and 1 mM EDTA was denatured in 100 mM NaOH for 5 min at room temperature, neutralised by adding Tris±HCl, pH 7.5 and HCl, each to 100 mM. To this NaCl was added to 0.4 M and the slowly annealing fraction (denatured DNA) was separated from fast annealing Form I DNA by ®ltering through two layers of nitrocellulose membrane (BA-85, Schleicher & Schuell). The Form I DNA in the ®ltrate was concentrated by ethanol precipitation. About half of this DNA was methylated in vitro by Sss I CpG methylase and S-adenosyl methionine (New England Biolabs) for 2 h in a buffer instructed by the supplier except Mg 21 was omitted and EDTA was added to a ®nal concentration of 5 mM. Fresh S-adenosyl methionine (160 mM) was added after 1 h of incubation. The MPE±Fe(II) digestion of unmethylated and methylated Form I plasmid DNA was carried out exactly as described for chromosomal DNA except the ®nal DNA concentration in 50 ml reaction was 80 mg/ml and digestion was for 10 min at 238C.
